Introduction {#S0001}
============

Increasing antimicrobial resistance in *Streptococcus pneumoniae* (pneumococcus) is a major problem in treating pneumococcal infections. While therapy is becoming more difficult, *S. pneumoniae* is still responsible for millions of deaths worldwide every year by causing severe illnesses like pneumonia, meningitis, and sepsis.[@CIT0001] Successful treatment with penicillin was impaired by the emergence of penicillin non-susceptible strains in the 1960s and 1970s.[@CIT0002] Additionally, some strains acquired resistance mechanisms against erythromycin, macrolides, and quinolones. Emergence of resistance was shown to be correlated to the usage of antibiotics.[@CIT0003],[@CIT0004]

The European Committee on Antimicrobial Susceptibility Testing (EUCAST) determined the clinical breakpoint for penicillin-susceptible pneumococci at 0.06 µg/mL.[@CIT0005] Isolates with minimal inhibitory concentrations (MIC) above this breakpoint are considered penicillin non-susceptible *S. pneumoniae* (PNSP). In meningitis cases, resistance to penicillin is characterized as a MIC of \>0.06 µg/mL. There is no intermediate category for strains causing meningitis. In non-meningitis cases, resistance is characterized as a MIC of \>2 µg/mL. Non-meningitis strains with MICs of \>0.06 µg/mL and ≤2 µg/mL are considered to be intermediate. The prevalence of PNSP isolates depends strongly on the country of isolation. Within Europe, the proportion of PNSP ranges from 0.2% in Belgium to 45.5% in Cyprus. In Germany, roughly 5% of pneumococcal isolates are penicillin non-susceptible.[@CIT0006]

In this study, the activity of newly developed antimicrobial agents against clinical PNSP strains was examined. All antimicrobials are reported to show activity against Gram-positive bacteria. Eravacycline, a new tetracycline, was chosen due to reports about its activity against Gram-positive bacteria, including PNSP.[@CIT0007] Further, two cephalosporins approved for pneumococcal disease, ceftaroline and ceftobiprole, were selected. Eventually, four antimicrobial agents were examined, representing different classes of antibiotics: glycopeptides (dalbavancin, telavancin), oxazolidinone (tedizolid) and fluoroquinolone (delafloxacin). All these four are in use against skin and skin structure infections due to resistant Gram-positive bacteria, mainly methicillin-resistant *Staphylococcus aureus*.[@CIT0008]--[@CIT0011]

The purpose of the study was to determine the MIC distribution of the newer antimicrobial agents against clinical PNSP isolates. In prospect, this could lead to treatment alternatives for patients with diseases caused by penicillin non-susceptible pneumococci.

Materials and methods {#S0002}
=====================

Bacterial isolates {#S0002-S2001}
------------------

For this study, 56 penicillin non-susceptible strains of *Streptococcus pneumoniae* were examined. Strains had been isolated from different patient specimens at the Heidelberg University Hospital in Germany between February 2009 and December 2016. Among them, 27 strains originated from respiratory material, 14 were invasive pneumococcal strains (blood n=12; pleural empyema n=1; aortic tissue n=1) and 15 strains originated from other material (nose swab n=7; urine n=5; conjunctiva swab n=1; other swab n=1; bile punctate n=1). Species identification was performed by bile and optochin susceptibility as well as mass spectrometry performed with a Bruker microflex MALDI-TOF MS. Serotyping was performed only for invasive strains at the National Reference Laboratory for Streptococci in Aachen, Germany (NRCS) with the Quellung reaction. Invasive strains included serotype 19A (n=5), 15A (n=3), 19F (n=2), 23B (n=2), 12F (n=1), and 6A (n=1). Isolates were stored in skim milk at −80°C until further testing. Penicillin susceptibility was initially determined by agar diffusion with oxacillin disks (1 mg). In the case of resistance (diameter \<20 mm), MICs were determined by broth microdilution with VITEK2 using AST-P576 or AST-ST03 panels (bioMérieux, Marcy l'Etoile/France). All MICs for penicillin of the tested pneumococci were equal to or higher than 0.12 µg/mL and laid above the susceptibility breakpoint of 0.06 µg/µL as defined by EUCAST.[@CIT0005] Sixteen of 56 strains showed MIC values for penicillin equal to or higher than 2 µg/mL and were designated resistant. The VITEK AST panels could not distinguish between 2 µg/mL and \>2 µg/mL for penicillin. Fourteen of these 16 resistant strains additionally exhibited an intermediate susceptibility to cefotaxime with MICs between 0.75 µg/mL and 1.0 µg/mL, while all other strains were fully susceptible to cefotaxime (MIC≤0.5 µg/mL). Forty of 56 strains were designated as intermediately resistant against penicillin. For comprehensive data on the test strains, see [[Tables S1](https://www.dovepress.com/get_supplementary_file.php?f=202789-TS1.xlsx)]{.ul} and [[S2](https://www.dovepress.com/get_supplementary_file.php?f=202789-TS2.xlsx)]{.ul}.

Media and culture conditions {#S0002-S2002}
----------------------------

Strains were cultured on BD Columbia Agar with 5% Sheep Blood (Becton Dickinson GmbH, Heidelberg/Germany). For MIC determination using E-Test, Mueller Hinton agar +5% horse blood +20 mg/L ß-NAD (MHF) (bioMérieux, Marcy l'Etoile/France) was used. Agar plates were stored as recommended by the manufacturer. Cultures were incubated for 18±2 h at 36±1°C and 5% CO~2~.

Antimicrobial susceptibility testing {#S0002-S2003}
------------------------------------

*In vitro* antimicrobial activities of 7 agents against 56 PNSP isolates were examined. For this purpose, MICs of the bacterial strains were determined using MIC Test Strips (Liofilchem S.r.l., Roseto, Italy). Testing was executed as specified by the manufacturer. With the test strips, MICs between 0.002 µg/mL and 32 µg/mL could be evaluated. Seven antimicrobials were tested: ceftaroline (Allergan, Dublin, Ireland), ceftobiprole (Basilea Pharmaceutica, Basel, Switzerland), dalbavancin (Durata Therapeutics Holding, Morristown, NJ, USA), delafloxacin (Melinta Therapeutics, New Haven, CT, USA), eravacycline (Tetraphase Pharmaceuticals, Watertown, NY, USA), tedizolid (Merck Sharp & Dohme Corp., Kenilworth, NJ, USA) and telavancin (Astellas Pharma US, Chūō, Japan). Out of these 7 antimicrobials, EUCAST clinical breakpoints for *S. pneumoniae* are currently available only for ceftaroline (0.25 µg/mL) and ceftobiprole (0.5 µg/mL).[@CIT0005] The Clinical and Laboratory Standards Institute (CLSI) defines the susceptibility breakpoint for ceftaroline and *S. pneumoniae* at 0.5 µg/mL.[@CIT0012] For MIC interpretation EUCAST breakpoints were used; however, using CLSI breakpoints would not have affected the interpretation of the results.

Results {#S0003}
=======

With a MIC range of 0.008 to 0.19 µg/mL, all strains were tested susceptible for ceftaroline (breakpoint of 0.25 µg/mL) ([Table 1](#T0001){ref-type="table"}). In the same way, ceftobiprole, having a range of 0.012 to 0.5 µg/mL and a breakpoint of 0.5 µg/mL, also showed a sufficient activity against all tested pneumococci.Table 1In vitro activity of different antimicrobial agents against 56 penicillin non-susceptible pneumococcal isolates.AntimicrobialMIC (µg/mL)RangeMIC interpretation according to EUCAST^MIC^50^MIC^90% Susceptible% Intermediate% ResistantCeftaroline0.0320.0940.008--0.1910000Ceftobiprole0.0320.250.012−0.510000Dalbavancin0.0120.0160.006--0.023NANANADelafloxacin≤0.0020.003≤0.002--0.006NANANAEravacycline0.0080.0120.006--0.047NANANATedizolid0.190.250.094--0.38NANANATelavancin≤0.0020.002≤0.002--0.003NANANA[^1]

However, while both agents caused an inhibition of 50% of the strains at concentrations of 0.032 µg/mL, MICs close to the susceptibility breakpoints were necessary to inhibit 90% of the strains. MIC90 of ceftaroline was determined as 0.094 µg/mL. Ceftobiprole had a MIC90 of 0.25 µg/mL and a wide distribution of inhibitory concentrations. Roughly 5% of the strains showed a MIC for ceftobiprole identically to the clinical breakpoint of 0.5 µg/mL ([Table 2](#T0002){ref-type="table"}). Noticeably, most of the strains with higher MICs for ceftobiprole and ceftaroline were strains with very high penicillin and cefotaxime MICs.Table 2Distribution of MIC values of different antimicrobial agents, determined with 56 penicillin non-susceptible *S. pneumoniae* isolates. Distribution of penicillin-resistant and cefotaxime non-susceptible isolates (n=16, penicillin MIC≥2 µg/mL and n=14 cefotaxime MIC\>0.5 µg/mL and ≤2 µg/mL) in brackets. Antimicrobials are sorted in alphabetical order.MIC (µg/mL)MIC distribution of 56 pneumococcal isolatesCeftarolineCeftobiproleDalbavancinDelafloxacinEravacyclineTedizolidTelavancin≤0.002000**28 (8/6)**00**48 (14/13)**0.002000**17 (4/4)**00**7 (2/1)**0.003000**8 (4/4)**00**1**0.00400000000.00600**434**000.008**1**0**20 (5/5)**0**29 (11/9)**000.012**7 (3/1)7 (2/0)21 (9/8)**0**19 (5/5)**000.016**814 (1/1)7 (1/1)**0**2**000.023**1054 (1/0)**00000.032**114**00**1**000.047**4 (1/1)4**00**1**000.064**6 (5/5)1**000000.094**5 (3/3)2**000**1**00.125**3 (3/3)5 (1/1)**000**2 (1/1)**00.19**1 (1/1)6 (4/4)**000**32 (9/9)**00.250**3 (3/3)**000**20 (6/4)**00.380**2 (2/2)**000**1**00.50**3 (3/3)**00000[^2]

High antimicrobial activity was observed for delafloxacin and telavancin. Both agents had a MIC50 below 0.002 µg/mL as well as a MIC90 of 0.003 µg/mL (delafloxacin) and 0.002 µg/mL (telavancin). Dalbavancin, too, showed a low MIC50 of 0.012 µg/mL and MIC90 of 0.016 µg/mL with a narrow distribution up to 0.023 µg/mL. Similarly, eravacycline inhibited 50% of strains at 0.008 µg/mL and 90% at 0.012 µg/mL. MIC values were distributed from 0.006 up to 0,047 µg/mL eravacycline.

Of all tested antimicrobials, tedizolid had the highest MIC50 and MIC90 values, achieving a growth inhibition at concentrations of 0.19 µg/mL for 50% and 0.25 µg/mL for 90% of the pneumococcal strains. The values were distributed within a range of 0.094 and 0.38 µg/mL.

Detailed MIC values for every test strain are provided in [[Table S2](https://www.dovepress.com/get_supplementary_file.php?f=202789-TS2.xlsx)]{.ul}.

Discussion {#S0004}
==========

This study was performed to evaluate 7 antimicrobials with activity against Gram-positive bacteria for their possible activities against PNSPs.

Delafloxacin had a high activity against all tested PNSP isolates and effected a microbial growth inhibition at low concentrations while showing high activity against penicillin-resistant strains. The determined MICs of ≤0.002 µg/mL up to 0.006 µg/mL were already shown to be bactericidal against PNSPs; furthermore, a maximum observed concentration, cmax, of roughly 7 µg/mL in plasma implies a possible in vivo activity of delafloxacin against PNSPs.[@CIT0011],[@CIT0013]

In a similar way, eravacycline was observed to be potent at low MICs, regardless of the different levels of penicillin resistance of the strains. Eravacycline was effective in vitro in concentrations between 0.006 and 0.047 µg/mL. In vivo, eravacycline already showed bioavailability with cmax of 2.1 µg/mL in plasma and cmax of 0.7±0.3 µg/mL in epithelial lining fluid in the lung.[@CIT0014],[@CIT0015] It is therefore most likely that the agent would be an effective treatment for invasive or respiratory infections with PNSPs. However, eravacycline´s bacteriostatic mode of action has to be considered before therapy.

The efficiencies of the two bactericidal glycopeptides dalbavancin and telavancin against penicillin non-susceptible pneumococci were slightly different. While telavancin exhibited a very potent activity against all tested strains (all MICs ≤0.003 µg/mL), dalbavancin showed its effects at MICs between 0.006 and 0.023 µg/mL, that is at MICs at least twofold higher. Compared to the reachable serum cmax of 423 µg/mL for dalbavancin and 93.6 µg/mL for telavancin, both MIC ranges are promising for successful treatment of PNSP diseases.[@CIT0008],[@CIT0009]

Compared to the other antimicrobials, the two cephalosporins ceftaroline and ceftobiprole showed a much wider range of MIC values. Considering that these two substances are the only agents (of the antimicrobials tested in this study) currently approved for treatment of pneumococcal disease, activity was rather low against strains with elevated penicillin MICs. The distribution of results furthermore showed a correlation between high penicillin and high cefotaxime MICs and high ceftaroline or ceftobiprole MICs. This might be explained by the shared resistance mechanism of *S. pneumoniae* against penicillin and cefotaxime due to an altered penicillin-binding protein 2× and a possible effect on ceftaroline and ceftobiprole susceptibility.[@CIT0016],[@CIT0017] The comparably high MICs for ceftaroline and ceftobiprole carry the risk of treatment failure despite the fact that all values were below the published susceptibility breakpoints.

The bacteriostatic antimicrobial tedizolid required comparatively higher concentrations than the other agents to inhibit bacterial growth. But in contrast to the cephalosporins, MIC values of tedizolid distributed in a narrow range, and no difference in the distribution of penicillin-resistant pneumococci was observed. Eventually, all MICs of tedizolid in the range of 0.094 to 0.38 µg/mL were below a reachable serum cmax of 3.0 µg/mL.[@CIT0010]

In summary, the results of this study indicate a sufficient in vitro activity of newer antimicrobials against penicillin non-susceptible strains of *Streptococcus pneumoniae*. While high antimicrobial activity was observed in most agents, MICs of the two tested cephalosporins were close to the respective susceptibility breakpoints and advert to a connection between elevated penicillin and cefotaxime MICs.
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[^1]: **Abbreviations:** MIC, minimal inhibitory concentration; EUCAST, The European Committee on Antimicrobial Susceptibility Testing.

[^2]: **Abbreviation:** MIC, minimal inhibitory concentration.
